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Summary
Background: The spindle pole body (SPB) of budding yeast is
the functional equivalent of the mammalian centrosome. Like
the centrosome, the SPB duplicates once per cell cycle. The
newSPB assembles adjacent to themother SPB at a substruc-
ture called the bridge. The half-bridge, the bridge precursor,
is a one-sided extension of the SPB central plaque layered
on both sides of the nuclear envelope. Parallel Sfi1 molecules
longitudinally span the half-bridge with their N termini
embedded in the SPB central plaque, whereas their C termini
mark the half-bridge distal end. In early G1, half-bridge elonga-
tion by antiparallel C-to-C dimerization of Sfi1 exposes free
N-Sfi1 where the new SPB assembles. After SPB duplication,
the dimerized Sfi1 is severed to allow spindle formation and
SPB reduplication.
Results: We show that Sfi1 C-terminal domain harbors phos-
phorylation sites for Cdk1 and the polo-like kinase Cdc5.
Cdk1 and, to a lesser extent, Cdc5 inhibit SPB duplication as
phosphomimetic sfi1 mutations lead to metaphase cells with
a single SPB. In contrast, phosphoinhibitory sfi1 mutations in
Cdk1 sites are lethal because cells fail to sever the bridge after
SPB duplication. Moreover, Cdc14 dephosphorylates C-Sfi1
to prepare it for a new round of duplication, and the kinase
Mps1 promotes Sfi1 extension in G1.
Conclusions: Positive (Cdc14) and negative (Cdk1 and Cdc5)
SPB duplication signals are integrated at the level of the half-
bridge component Sfi1. In addition, Mps1 activates Sfi1 dupli-
cation. Fluctuating activities of these regulators ensure one
SPB duplication event per cell cycle.Introduction
The yeast spindle pole body (SPB) is the functional equivalent
of the mammalian centrosome. Both organize microtubules,
and both are duplicated in a cell-cycle-dependent manner
only once per cell cycle [1–3]. Misregulation of centrosome
duplication in human cells leads to chromosome segregation
defects and eventually to cancer [4].
The SPB is a multilayered structure that is embedded in the
nuclear envelope (NE) throughout the cell cycle [5]. SPB dupli-
cation takes place at the half-bridge, an electron-dense, one-
sided extension of the central SPB plaque that is layered on
the nuclear and cytoplasmic sides of the NE [5, 6] (Figure 1A).
SPB duplication starts in early G1 phase with the elongation of
the half-bridge and the formation of the bridge structure,2Co-first author
*Correspondence: e.schiebel@zmbh.uni-heidelberg.dewhich, at its distal end, serves as an assembly platform for
the formation of the new SPB [5]. In late S phase, the two
side-by-side SPBs are separated by medial fission of the
bridge to allow spindle formation by the two SPBs each
bearing a half-bridge. Genetic data suggest that the kinesin-
5 motor proteins Cin8 and Kip1, at least partly, drive this sep-
aration by creating a force that pulls both SPBs apart [12–14].
The half-bridge is composed of four proteins: the yeast cen-
trin Cdc31 and its binding partner Sfi1, the tail-anchored pro-
tein Kar1 that also interacts with Cdc31, and the SUN domain
proteinMps3 [15–22] (Figure 1A). Sfi1 plays amajor role in half-
bridge elongation. Sfi1 is a long filamentous protein that spans
the length of the half-bridge on the cytoplasmic side of the NE.
The N terminus of Sfi1 is close to the SPB central plaque,
whereas the C terminus defines the distal end of the half-
bridge [20, 21]. The central part of Sfi1 contains 20 centrin
binding sites. Half-bridge extension is probably driven by
C-to-C dimerization of Sfi1 molecules (Figure 1A). This leads
to free Sfi1 N termini at the distal end of the bridge. It was sug-
gested that in G1, Sfi1 N termini initiate the assembly of a mini-
ature version of the SPB that is known as the ‘‘satellite.’’ The
satellite proceeds in the formation of the complete SPB after
START of the cell cycle [5, 20] (Figure 1A).
SPB duplication is regulated by phosphorylation and
dephosphorylation events. Cyclin-dependent kinase (Cdk1)
activity either promotes or inhibits SPB duplication depending
on the cell-cycle phase in which it acts [23]. Cdk1 in complex
with G1 cyclins Cln1–Cln3 stimulates the formation of the
newSPBby expanding the satellite into a full SPB [24]. S phase
Cdk1 (Clb5 and Clb6) activity promotes separation of the two
side-by-side SPBs by inhibiting APCCdh1 in order to protect
the motor proteins Cin8 and Kip1 from degradation [12–14,
25, 26]. Later in the cell cycle, mitotic Cdk1 (Clb1–Clb4) inhibits
SPB reduplication through a mechanism that is currently
unclear [23, 26, 27]. In addition, the kinase Mps1 is essential
for a number of SPB duplication steps [28, 29].
Here, we show that SPB duplication in budding yeast is
regulated through the phosphorylation and dephosphorylation
of the C terminus of Sfi1 by the kinases Cdk1 and polo-like
Cdc5 and the phosphatase Cdc14. Cdc14 drives mitotic
exit by dephosphorylating a subset of Cdk1 substrates in
anaphase [30]. Cdc14 and Mps1 kinase promote C-to-C
dimerization of Sfi1 in G1. Phosphorylation of Sfi1 by Cdk1
and Cdc5 prevents this dimerization step in mitosis. After
SPB duplication, phosphorylation of Sfi1 by Cdk1 is important
for the separation of the two adjacent SPBs. Thus, we describe
how phosphoregulation of Sfi1 restricts SPB duplication to
one event per cell cycle.
Results
Cdk1 Phosphorylation Regulates Sfi1
The molecular basis by which cell-cycle regulators control the
initiation of SPB duplication has yet to be elucidated. A poten-
tial target of Cdk1 is the half-bridge component Sfi1. Cells
bearing a mutation in the SFI1 gene that impairs phosphoryla-
tion of the Cdk1 phosphosite S855 are unable to grow in a
background deficient in spindle assembly checkpoint (SAC;
Figure 1. Cdk1 Phosphorylation Regulates Sfi1
(A) The SPB duplicationmodel. Nuclear envelope
(NE), N terminus of Sfi1 (N-Sfi1), C-terminal
dimerization domain of Sfi1 (Sfi1 C-C), and Satel-
lite (S) are shown here.
(B) In vitro kinase reaction with purified Cdk1-
Clb2 and recombinant GST and GST-Sfi1. The
kinase reaction was performed in the presence
of g-32P-ATP. The experiment was analyzed by
SDS-PAGE and autoradiography.
(C) Mass spectrometry analysis of Sfi1 phosphor-
ylated by Cdk1-Clb2 in vitro. Shown are the iden-
tified Cdk1 consensus sites in the C terminus
of Sfi1. These sites were also mapped in vivo
[7–9]. The plus symbol (+) in the third column
indicates Cdk1 sites (SPxK/R) predicted to be
dephosphorylated by Cdc14 [10].
(D) Plasmid shuffle experiment to test growth
of yeast cells containing SFI1 alleles. The SFI1
shuffle strain (sfi1D::HIS3 pRS316-Sfi1) (left)
and a SFI1 shuffle strain with mad2D (right)
were transformed with the integration plasmid
pRS305K (2), pRS305K-SFI1 (SFI1), or the indi-
cated pRS305K-sfi1Cdk1mutant alleles. Cells
were incubated on YPD and 5-fluoroorotic acid
(5-FOA) plates for 3 days. Drop tests were per-
formed with serial 10-fold dilutions starting with
equivalent cell concentrations.
(E) Dominancy of sfi1Cdk1-6A and sfi1Cdk1-6D
alleles was tested by transforming high gene
dosage pRS425 [11], pRS425-SFI1, pRS425-
sfi1Cdk1-6A, or pRS425-sfi1Cdk1-6D plasmids in
wild-type yeast strain ESM356. Shown is the
mean of two independent experiments using
the same batch of frozen competent ESM356
cells. Error bars show mean 6 SD.
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1457mad2D) because of an SPB separation defect [31]. To obtain a
more-complete picture of howCdk1 regulates Sfi1, we purified
both proteins and performed an in vitro kinase reaction in the
presence of g-32P-ATP. Sfi1 was phosphorylated by Cdk1-
Clb2, whereas glutathione S-transferase (GST) alone was not
(Figure 1B). Mass spectrometric analysis of in vitro phosphor-
ylated Sfi1 identified four phosphosites (T816, S855, S882, and
S892) in the C terminus of Sfi1. These sites correspond to
the Cdk1 consensus S/TPxK/R (Figure 1C) and are phosphor-
ylated in vivo [8, 9]. In addition, the Cdk1 consensus sites S801
and S923 in C-Sfi1 are also known to be phosphorylated in vivo
[7, 8] (Figure 1C). Thus, Cdk1 is able to phosphorylate several
sites within the C-terminal region of Sfi1.
To confirm that C-Sfi1 does not carry additional Cdk1 sites,
we performed an in vitro kinase assay with C-Sfi1 and C-Sfi16A
(serine and threonine residues of the six Cdk1 sites were
changed to alanine) as substrates. We also tested whether
the S phase cyclin Clb5 and the mitotic cyclin Clb2 have
different specificity toward C-Sfi1. We coimmunoprecipitated
Cdk1as1 in complex with either Clb5-TAP or Clb2-TAP fromyeast lysates [32]. cdk1as1 encodes a
mutated allele of CDK1 that can be in-
hibited by the ATP analog 1NM-PP1
[33, 34]. The C terminus of Sfi1 was
phosphorylated by both Cdk1as1-Clb2
and Cdk1as1-Clb5 (Figure S1A available
online). However, Cdk1as1-Clb2 was
clearly more efficient in phosphory-
lating C-Sfi1 than Cdk1as1-Clb5 was. Incontrast, Cdk1as1-Clb5 phosphorylated a contaminating pep-
tide more efficiently than Cdk1as1-Clb2. In the presence of
the Cdk1as1 inhibitor 1NM-PP1, phosphorylation of C-Sfi1
could not be detected (Figure S1A). Importantly, Cdk1 did
not phosphorylate the C terminus of Sfi1-6A, indicating the
lack of additional Cdk1 phosphorylation sites in C-Sfi1.
We next asked which Cdk1-cyclin complex may regulate
C-Sfi1 in vivo. In the yeast two-hybrid system, the mitotic cy-
clins Clb2, Clb3, and Clb4 showed weak to strong interactions
with C-Sfi1, respectively (Figure S1B). The B type cyclin Clb4 is
especially interesting because theCdk1-Clb4 complex already
binds in early S to the cytoplasmic side of the SPBwhere it may
also regulate Sfi1 [35, 36].
The Cdk1 sites in C-Sfi1 were mutated to investigate their
function. The phosphoacceptor serine and threonine residues
of each Cdk1 site were mutated to alanine (phosphoinhibiting)
or aspartic acid (phosphomimetic). sfi1Cdk1-1A/1D (sfi1-
S855) and sfi1Cdk1-5D (sfi1-S801D T816D S882D S892D
S923D) mutant cells grew at all temperatures tested, whereas
sfi1Cdk1-5A (sfi1-S801A T816A S882A S892A S923A) cells
Figure 2. Cdk1 Phosphorylation of C-Sfi1 Is Important for SPB Separation and Prevents SPB Reduplication
(A) Drop test of pGal1-UBR1 td-sfi1 cellswith pRS305K (2), pRS305K-SFI1 (SFI1), or the indicated pRS305K-sfi1Cdk1mutant alleles. Cells were grown onYPD
and YPRaf/Gal plates at the indicated temperatures. Drop tests were performed with 10-fold serial dilutions. In this experiment, sfi1Cdk1-6A and sfi1Cdk1-6D
were likely not dominant because td-sfi1 was overexpressed from the copper promoter [37], therefore outcompeting the mutant Sfi1 versions.
(B) Outline of a time course experiment with td-sfi1 cells carrying SFI1, sfi1Cdk1-6A, or sfi1Cdk1-6D. Cells were grown in YPRaf media at 23C. a factor was
added for 4 hr to arrest cells in G1. At 30 min before a factor washout, galactose was added to induce UBR1 expression. After the release of the cell-cycle
block, cells were shifted to 37C to start td-Sfi1 degradation (t = 0). Samples were withdrawn every 30 min.
(legend continued on next page)
Current Biology Vol 24 No 13
1458
Molecular Mechanisms of SPB Duplication
1459showed aconditional lethal growth defect at 37C (FigureS1C).
Inactivation of the SAC geneMAD2 was lethal for sfi1Cdk1-1A/
1D and sfi1Cdk1-5A/5D cells even at 23C, suggesting that the
defect in these cells was compensated for by a SAC-depen-
dent cell-cycle delay (Figure 1D, right). Importantly, phospho-
mimetic and phosphoinhibitory mutations in the six C-terminal
Cdk1 sites (sfi1Cdk1-6A and sfi1Cdk1-6D) were lethal for cells
even in the presence of a functional SAC (Figure 1D, left). In
addition, we noticed that the sfi1Cdk1-6A or sfi1Cdk1-6D alleles
integrated in the LEU2 locus of the shuffle strain (sfi1D
pRS316-SFI1) inhibited cell growth, as indicated by the smaller
colony size (Figure 1D, yeast peptone dextrose [YPD]). This
suggests that both SFI1 alleles might be dominant lethal.
Indeed, sfi1Cdk1-6A and sfi1Cdk1-6D on the high gene dosage
plasmid pRS425 hardly gave transformants in wild-type
cells, whereas the empty plasmid pRS425 or pRS425-SFI1
gave similar transformation efficiencies (Figure 1E). Together,
phosphoregulation of C-Sfi1 by Cdk1 is important for cell
viability.
Sfi1 Phosphorylation by Cdk1 Is Important for SPB
Separation and Prevents SPB Reduplication
To analyze the phenotype of sfi1Cdk1-6A and sfi1Cdk1-6D in
greater detail, we expressed the two alleles in an SFI1-degron
strain (td-sfi1). In this strain, endogenous SFI1 was fused to a
fragment coding for the DHFR-based temperature-inducible
degron (td). The td-Sfi1 fusion protein was degraded upon
shifting cells to 37C and upon overexpression of the ubiquitin
E3 ligase UBR1 [37]. Fluorescence measurements in yeGFP-
td-sfi1 cells showed that w80% of the SPB pool of yeGFP-
td-Sfi1 was degraded over a 3 hr incubation at restrictive
temperature (Figures S1D and S1E). As reported for the condi-
tional lethal sfi1-3 allele [20], temperature-induced degrada-
tion of td-Sfi1 blocked cell-cycle progression and induced an
SPB duplication defect (Figures S1F and S1G). After 150 min
at restrictive conditions, td-sfi1 cells carried a single Spc42-
mCherry fluorescent signal corresponding in intensity to the
single SPB signal of G1 cells (Figure S1G). Spc42 is a compo-
nent of the central plaque, and the Spc42-mCherry fluorescent
signal at SPBs increases in intensity around 1.5 times from G1
(Figure 1A, SPB with satellite) to S phase (two side-by side
SPBs) with SPB duplication (Figure S1G) [38, 39].
Introducing SFI1 alleles into the LEU2 locus of td-sfi1 cells
allowed us to analyze the sfi1Cdk1-6A and sfi1Cdk1-6D pheno-
type after degradation of td-Sfi1. Consistent with the shuffle
experiment (Figure 1D), sfi1Cdk1-6A and sfi1Cdk1-6D did not
promote growth of td-sfi1 cells (Figure 2A). We used the td-
sfi1 cells with SFI1, sfi1Cdk1-6A, or sfi1Cdk1-6D in a time course
experiment to analyze the phenotype (Figure 2B). Cells were
synchronized with a factor under permissive conditions. At
30 min before the release of the cell-cycle block, galactose
was added to induce UBR1 expression. With the release of
the cell-cycle block, cells were shifted to 37C. Cells express-
ing wild-type SFI1 in the td-sfi1 background cycled through
the cell cycle, as indicated by the appearance of budded cells(C–E) The experiment was performed as described in (B). Cells from each tim
Spc42-mCherry signals. Note that we quantified the Spc42-mCherry fluoresc
cell. The cell-cycle markers Sic1 and Clb2 were monitored over time. Tub2 (
quantifying the signal intensity of Spc42-mCherry at the SPB. N = 50 cells per tim
sentative large budded cells. Scale bar of (C)–(E) represents 10 mm.
(F) Electron microscopy of thin serial sections of cells from (D) and (E) after 120
Bridge, cytoplasm (C), cytoplasmic microtubules (cMT), nucleus (N), nuclear e
two side-by-side SPBs of a sfi1Cdk1-6A cell. Scale bars of (F) represent 2 mm awith two separated SPBs after 30 min and by the migration of
one of the two SPBs into the daughter cell in anaphase after
60 min (Figure 2C). The level of the mitotic cyclin Clb2 started
to decline after 90min, as the Cdk1-Clb inhibitor Sic1 accumu-
lated during mitotic exit. In contrast, 40%–50% of sfi1Cdk1-6A
(Figure 2D, 90 and 120 min) and >80% of sfi1Cdk1-6D cells
(Figure 2E) arrested in the first cell cycle with a large bud and
a single Spc42-mCherry SPB signal (Figures 2D and 2E, fluo-
rescent images on the right). These data are indicative of either
an SPB duplication or a separation defect in sfi1Cdk1-6A and
sfi1Cdk1-6D cells.
To determine whether sfi1Cdk1-6A and sfi1Cdk1-6D cells were
defective in either SPB duplication or separation, we quanti-
fied the Spc42-mCherry signal intensity (Figures 2C–2E, right).
In wild-type cells, the intensity of the Spc42-Cherry signal
showed a transient increase in signal intensity at the time of
SPB duplication at 60 min (Figure 2C). This fluorescence in-
crease was about 1.4-fold and was very close to the increase
of the Spc42-mCherry SPB signal between G1 (a factor; SPB
with satellite) and G1/S (side-by-side SPB) cells (Figure S1G).
sfi1Cdk1-6A cells that arrested with a large bud and a single
SPB signal showed an Spc42-mCherry signal that was 1.5-
fold of the corresponding sfi1Cdk1-6D cells or the single SPB
signal of SFI1 wild-type cells at 120 and 150 min (Figures
2C–2E). This suggests that sfi1Cdk1-6A cells have duplicated
but unseparated SPBs, whereas sfi1Cdk1-6D cells probably
have an SPB duplication defect.
To confirm the SPB defects, we analyzed sfi1Cdk1-6A,
sfi1Cdk1-6D, and SFI1 cells by electron microscopy. td-sfi1
SFI1 (SFI1) cells separated their SPBs and assembled a bipolar
spindle (Figure S1H). Consistent with the fluorescence mea-
surements (Figure 2D), large budded sfi1Cdk1-6A cells
harbored two side-by-side SPBs that were still connected by
the bridge (Figures 2F and S1I). In contrast, sfi1Cdk1-6D cells
arrested with a single SPB as large budded cells (Figures 2F
and S1I). Taken together, the defect in SPB duplication that
was observed in sfi1Cdk1-6D cells suggests that Cdk1 phos-
phorylation of Sfi1 blocks SPB reduplication in S phase and
mitosis, whereas Cdk1 phosphorylation of C-Sfi1 is required
for SPB separation, as indicated by the side-by-side SPB
phenotype in sfi1Cdk1-6A cells.
Cdc5 Assists Cdk1 in Phosphorylating Sfi1 to Inhibit SPB
Duplication in Mitosis
In higher eukaryotes, polo kinase promotes centrosome sepa-
ration through promoting linker dissolution [40]. In addition,
Shirk et al. [41] showed that Cdc5 ensures SPB separation in
meiosis. These data raise the question of whether Cdc5 also
regulates SPB duplication through Sfi1 phosphorylation.
We first askedwhether Sfi1 andCdc5are present in common
complexes. The affinity-purified anti-Cdc5 antibodies detect
Cdc5 in immunoblots (Figure S2A). Cdc5 and Sfi1-6HA were
both found in anti-Cdc5 immunoprecipitations (Figure 3A). A
control showed that Sfi1-6HA did not bind unspecifically to
the protein G beads. Consistently, HA-tag-specific antibodiese point were categorized according to bud morphology and the number of
ent signal of only one SPB in case two separated SPBs were present per
b-tubulin) was used as loading control. SPB duplication was analyzed by
e point and strain. Error bars showmean6 SD. Cells on the right are repre-
min. The cartoons on the left summarize the SPB phenotype. Indicated are
nvelope (NE), and nuclear microtubules (nMT). SPB1 and SPB2 indicate the
nd 200 nm.
Figure 3. Cdc5 Phosphorylates Sfi1 and Prevents SPB Reduplication in Mitosis
(A) Coimmunoprecipitation experiment. Cdc5 was pulled down with an anti-Cdc5 antibody bound to protein G Sepharose. Sfi1-6HA was detected with an
anti-HA antibody. As control, the cell extract was incubated with protein G Sepharose only.
(B) In vitro kinase assay with Cdc5 and recombinant GST-Sfi1. Reaction was performed in the presence of g-32P-ATP. Experiment was analyzed by
SDS-PAGE and autoradiography.
(legend continued on next page)
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1461precipitated Cdc5 from Sfi1-6HA, but not with Sfi1 cells
(Figure S2B). Thus, Cdc5 interacts with Sfi1.
The C terminus of Sfi1 contains five Cdc5 kinase consensus
sites (D/N/E-x-S/T) [42]. Two of these consensus sites, S801
and S882, are also Cdk1 phosphorylation sites. An in vitro
kinase assay with recombinant GST-Sfi1 showed that puri-
fied Cdc5 phosphorylated Sfi1, but not GST (Figure 3B).
Mass spectrometry of Cdc5-phosphorylated Sfi1 identified
the Cdc5 consensus sites S826, T866, and T876 (Figure 3C).
This indicates that Sfi1 is a bona fide Cdc5 substrate.
To analyze the physiological significance of Sfi1 phos-
phorylation by Cdc5, we mutated S826, T866, and T876, as
described above, for the Cdk1 sites. In a shuffle experiment,
single SFI1 phosphomutants had no obvious growth defect
at 23C and 37C (Figure S2C). Mutating two of the Cdc5 phos-
phorylation sites (S826D T876D and S826D T866D) impaired
growth in amad2D background at 23C (Figure 3D). The triple
sfi1Cdc5-3D mutant (S826D T866D T876D), however, failed to
support viability even when the SACwas functional (Figure 3D,
bottom). In contrast, sfi1Cdc5-3A (S826A T866A T876A) cells
grew in drop tests at the same rate as wild-type SFI1 cells.
To characterize the phosphomimetic phenotype in greater
depth, we expressed sfi1Cdc5-3D in the td-sfi1 strain. Time
course analysis monitored cell-cycle progression and SPB
duplication of SFI1 wild-type (Figure 3E), sfi1Cdc5-3A (Fig-
ure 3F), and sfi1Cdc5-3D (Figure 3G) cells. sfi1Cdc5-3A cells
showed no obvious cell-cycle defect and behaved as td-sfi1
SFI1 control cells (Figures 3E and 3F). In contrast, w30% of
sfi1Cdc5-3D cells arrested in the first cycle with a large bud
and a single SPB signal (Figure 3G, red line). Analysis of cells
by electron microscopy showed that these sfi1Cdc5-3D cells
were defective in SPB duplication (Figures 3H and S2D).
Thus, Cdc5 phosphorylation of Sfi1 is important to prevent
SPB reduplication in S phase and mitosis.
As outlined above, two of the five Cdc5 consensus sites are
also Cdk1 sites (S801 and S882). We used sfi1Cdc5-5A and
sfi1Cdc5-5D mutant alleles to test whether Cdc5 phosphoryla-
tion of Sfi1 potentially regulates SPB duplication in a similar
strong manner as Cdk1. In a plasmid shuffle experiment,
we could show that sfi1Cdc5-5A and sfi1Cdc5-5D cells grew as
sfi1Cdc5-3A and sfi1Cdc5-3D cells at 23Cand 37C (Figure S2E).
Thus, based on the phosphorylation assay (Figure 3B) and the
in vivo analysis (Figures 3E–3H and S2E), we can say that S826,
T866, and T876 are functionally the major Cdc5 phosphoryla-
tion sites of Sfi1.
Cdc14 Phosphatase Dephosphorylates Sfi1
During mitotic exit, the conserved phosphatase Cdc14 coun-
teracts mitotic Cdk1 activity by inducing Clb2 degradation
and dephosphorylation of a subset of Cdk1 substrates [10,
43]. Because Cdk1 phosphorylation of Sfi1 blocks SPB dupli-
cation (Figure 2), these phosphorylationmodificationsmust be
removed before cells enter G1. Dephosphorylation of Sfi1 by(C) Mass spectrometry analysis of in vitro phosphorylated Sfi1 from (B). Sho
phosphorylated by Cdc5.
(D) Plasmid shuffle experiment to test the growth of yeast cells containing th
sfi1D::HIS3mad2D::natNT2 pRS316-SFI1) were transformedwith pRS305K (2),
on YPD and on 5-FOA plates at 23C. Drop tests were performed with serial 1
(E–G) Time course experiment of td-sfi1 cells with SFI1 (E), sfi1Cdc5-3A (F), or s
time point were categorized according to budding and SPB number. Cell-cycle
cell-cycle markers Sic1 and Clb2. Tub2 was used as loading control. Scale ba
(H) SPB duplication was analyzed by electron microscopy of serial thin sections
on the left summarizes the SPB phenotype. Indicated are cytoplasmatic microt
microtubules (nMT). Scale bars of (H) represent 2 mm and 200 nm.Cdc14 with mitotic exit would therefore be a mechanism that
prepares Sfi1 for a new cycle of half-bridge elongation. In a
global analysis, Bloom et al. identified Sfi1 as a binding partner
and substrate of overexpressed Cdc14 [44]. Interestingly, four
of the six Cdk1 sites in the C terminus of Sfi1 correspond to
Cdc14 consensus dephosphorylation sites (SPxK/R) [10]
(Figure 1C).
We first confirmed the interaction between endogenous,
nonoverexpressed Cdc14 and Sfi1. Cdc14-TAP was purified
from yeast cells, and its binding partners were identified by
mass spectrometry analysis. This analysis revealed an enrich-
ment of SPB proteins, including Sfi1 (Figure S3A). Sfi1 was not
found in the control purification using untagged CDC14 cells.
These interactions are consistent with the binding of Cdc14
to anaphase SPBs [45].
Further characterization of the interaction between Sfi1 and
Cdc14 by a yeast two-hybrid approach revealed binding of
Cdc14 and the Cdc14 trap mutant protein Cdc14D253A [46] to
the C terminus of Sfi1 (Figure 4A). To determine whether
Cdc14dephosphorylatesSfi1,weperformedaphosphorylation
experiment followed by a dephosphorylation experiment [47].
First, recombinant GST-Sfi1 was incubated with g-32P-ATP in
the presence of Cdk1-Clb2 to phosphorylate Sfi1. After inhibit-
ing the Cdk1 kinase through the addition of EDTA, the phos-
phorylated Sfi1 was incubated with Cdc14WT or an inactive,
phosphatase-dead version of Cdc14 (Cdc14C283A). This exper-
iment revealed that Cdc14 was able to dephosphorylate Sfi1
(Figure 4B).
We next studied SPB duplication in cells lacking Cdc14 ac-
tivity. Mitotic progression in CDC14 wild-type and conditional
lethal cdc14-2 cells was arrested at metaphase through the
addition of the drug nocodazole at 37C, the restrictive tem-
perature of cdc14-2 cells. Nocodazole was then washed out
to allow progression into anaphase. To overcome the mitotic
exit defect of cdc14-2 cells [30], we overexpressed a stabilized
version of the Cdk1 inhibitor SIC1 (sic1s) [48] (Figure 4C).
Expression of sic1s inactivatesmitotic Cdk1 activity and drives
cdc14-2 cells into G1 phase, as indicated by rebudding. How-
ever, cytokinesis is disturbed in cdc14-2 sic1s cells because of
a role of Cdc14 in this process [46]. We followed SPB duplica-
tion by using the Sfi1-yeGFP marker that doubles in signal
intensity as soon as cells elongate the half-bridge into a bridge
in early G1 (Figure 4D). In CDC14 wild-type cells, the Sfi1-
yeGFP signal doubled after 60 min of pGal1-sic1S induction,
indicating half-bridge extension (Figure 4E). In contrast, the
Sfi1-yeGFP signal of cdc14-2 cells increased only slowly and
even after 120 min did not reach the CDC14 value of 60 min.
Both CDC14 and cdc14-2 cells started to bud after 30 min,
indicating that wild-type and mutant cells progressed at
a similar rate through G1. Thus, Cdc14 promotes binding of
Sfi1 to SPBs in G1 phase to achieve bridge extension.
To confirm the delayed SPB duplication in cdc14-2
pGal1-sic1S, we analyzed cdc14-2 pGal1-sic1S and CDC14wn are the Cdc5 consensus sites within the C terminus of Sfi1 that were
e indicated SFI1 alleles. SFI1 shuffle strains (sfi1D::HIS3 pRS316-SFI1 and
pRS305K-SFI1 (SFI1), or pRS305K-sfi1Cdc5mutant alleles. Cells were grown
0-fold dilutions from equivalent cell concentrations.
fi1Cdc5-3D (G). Experiment was performed as in Figure 2B. Cells from each
progression was monitored by immunoblotting with antibodies against the
r of (E)–(G) represents 10 mm.
. Sfi1Cdc5-3D cells were analyzed 120 min after a factor release. The cartoon
ubules (cMT), cytoplasm (C), nucleus (N), nuclear envelope (NE), and nuclear
Figure 4. Cdc14 Dephosphorylates Sfi1
(A) Yeast two-hybrid experiment with Cdc14 and the trapmutant Cdc14D253A fused to the activation domain (AD) ofGAL4 and SFI11-187 and SFI1796-947 fused
to DNA-binding domain (BD) of LexA. Interaction is indicated by blue color upon overlay with agarose containing X-Gal.
(legend continued on next page)
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1463pGal1-sic1S cells 60 min after Gal1-sic1S induction by electron
microscopy. At t = 60 min, cdc14-2 pGal1-sic1S cells showed
mainly one SPB (Figures 4F, S3B, and S3C), whereas most
CDC14 pGal1-sic1S cells showed two SPBs (Figures 4F,
S3B, and S3C). Thus, Cdc14 activity is needed for timely
SPB duplication, most likely by removing the inhibitory Cdk1
phosphorylations at the C terminus of Sfi1.
Mps1 Kinase Stimulates Sfi1 Binding to the SPB in G1
Mitotic Cdk1 activity phosphorylates the C terminus of Sfi1
and so prevents SPB reduplication during mitosis (Figure 2).
Dephosphorylation of these Cdk1 sites by Cdc14 promotes
half-bridge extension in G1 phase (Figures 4E and 4F).
We therefore asked whether overexpression of CDC14 in
metaphase would drive Sfi1 recruitment to SPBs. For this
experiment, we used pMet3-CDC20 cdc26D cells in which
expression of either the wild-type (pGal1-CDC14) or phospha-
tase-dead (pGal1-cdc14C283A) versions of Cdc14was induced.
Depletion of CDC20 arrested cells in metaphase, and the lack
ofCDC26 further inactivated the anaphase promoting complex
(APC) at 37C [49]. By using Sfi1-yeGFP, we followed half-
bridge elongation over time. AlthoughCDC14was strongly ex-
pressed and led to the dephosphorylation of Cdk1 substrates
like Sli15 (data not shown) [50], the Sfi1-yeGFP signal did not
increase upon CDC14 induction (Figures S3D and S3E).
Thus, overexpression of CDC14 in mitosis did not promote
Sfi1 accumulation at SPBs.
One way to explain the outcome of the CDC14 overexpres-
sion experiment is that although CDC14 removes the blocking
Cdk1 phosphorylations from Sfi1, a promoting activity that
rises at the SPB in G1 is missing. The conserved Mps1 kinase
has been shown to promote SPB duplication at the level of
half-bridge extension and so could be a prime candidate for
providing this activity [28, 51]. To address whether Mps1 activ-
ity is required for Sfi1 C-to-C dimerization in G1, we analyzed
the Sfi1-yeGFP signal in the ATP-analog-sensitive mps1-as1
mutant [52] (Figures 5A–5C). mps1-as1 cells were arrested
with a factor in G1, released by washing with YPD medium,
and further cultivated until they entered metaphase. Then,
the Mps1-as1 inhibitor 1NM-PP1 or DMSO were added
together with a factor to rearrest the cells in G1 (Figure 5A).
In the presence of 1NM-PP1,mps1-as1 cells failed to duplicate
their SPBs and arrested with a single SPB signal [53] (Fig-
ure 5B). Quantification of the Sfi1-yeGFP signal revealed that
Sfi1-yeGFP failed to incorporate into a bridge structure in the
absence of Mps1 activity (Figure 5C). In contrast, mps1-as1(B) Recombinant GST-Sfi1 was incubated with Cdk1-Clb2 in the presence of g
EDTA at t = 0. EDTA inhibits the activity of Cdk1-Clb2. After the phosphorylat
in lanes 1, 3, and 4. Phosphorylated GST-Sfi1 (lane 1) was then incubated
autoradiography.
(C) Time line of the experiment in (E).
(D) Quantification of the Sfi1-yeGFP signal at SPBs in G1 (no bud, one SPB) and
Error bars show mean 6 SD.
(E) Cells withCDC14wild-type (CDC14 SFI1-yeGFP pGal1-sic1S) and cdc14-2 (
arrested in G1with a factor. Cells were released and incubatedwith nocodazole
t = 0, galactose was added to express sic1S and to drive cells into G1 phase. I
absence or in the presence of CDC14 activity was analyzed by quantifying Sfi1
mean 6 SD. Cell-cycle progression was monitored by budding and DAPI signa
Tub2 was used as loading control (right).
(F) SPB duplication of cells in (E) was analyzed after 60min by electronmicrosco
before preparing them for electron microscopy. The mutant cells showed the
many cells separated. The picture on the upper right is an enlargement of the S
a half-bridge (about 70 nm long). The cartoon on the left summarizes the SPB ph
(NE), and nuclear microtubules (nMT). SPB1 and SPB2 refer to the two side-by s
200 nm.cells that were simply treated with DMSO doubled the Sfi1-
yeGFP signal. Thus, Mps1 activity is critical for half-bridge
elongation in G1.
Discussion
Like their centrosome counterparts, SPB duplication is
restricted to one event per cell cycle because overduplication
leads to chromosome missegregation and aneuploidy. It has
been previously established that Cdk1 activity has a dual
role in both promoting and inhibiting SPB duplication [23]. It
has also been clear that the activity of the conserved kinase
Mps1 regulates multiple steps during the SPB duplication pro-
cess [29, 53].
Here, we report that SPB duplication is also regulated by the
polo-like kinase Cdc5 and the mitotic exit phosphatase Cdc14
(Figure 5D). Cdk1,Cdc5, andCdc14directly alter thephosphor-
ylation statusof theC-terminal portionof thehalf-bridgeprotein
Sfi1. The action of Mps1 is broader because it phosphorylates
at least three half-bridge and core SPB components: Cdc31,
Spc29, and Kar1 [53, 54] (C.S., unpublished data).
Our data define the following order of events during SPB
duplication (Figure 5D). In early G1 phase of the cell cycle,
the half-bridge consists of a parallel layer of Sfi1 proteins
(Figure 1A). N-Sfi1 is embedded into the central core of
the SPB and therefore not accessible to initiate a new round
of SPB duplication. At this stage in the cell cycle, Mps1 ki-
nase promotes C-to-C antiparallel interaction of Sfi1 that ex-
tends the half-bridge to form the bridge (Figure 5D, step 1)
[20]. The free N termini of Sfi1 that arose through Sfi1 tail-
to-tail dimerization probably initiate the assembly of the sat-
ellite [3].
After passage through START, the new SPB fully assembles
(Figure 5D, step 2). Phosphorylation of Spc42 by Cdk1-Cln1/2
activity is one of the driving forces for expansion of the satellite
into the duplication plaque in G1 [24]. The two side-by-side
SPBs are still connected by the bridge and reside next to one
another in the NE. At the beginning of S phase, increasing
Cdk1-Clb activity triggers SPB separation and spindle assem-
bly by two parallel pathways (Figure 5D, step 3). Cdk1 inacti-
vates the E3 enzymeAPCCdh1, which leads to the accumulation
of the two kinesin-5 motor proteins Cin8 and Kip1 [13, 14]. In
addition, Cdk1 phosphorylates the C terminus of Sfi1 to pro-
mote the disassembly of the antiparallel Sfi1 oligomers. Yeast
two-hybrid data indicate interaction of C-Sfi1 with Clb3 and
Clb4 and a weaker interaction with Clb2 (Figure S1B). The-32P-ATP to phosphorylate Sfi1 with (lane 2) and without (lanes 1, 3, and 4)
ion reaction, Cdk1-Clb2 activity was blocked by EDTA addition to samples
with Cdc14 (lane 3) or Cdc14C283A (lane 4). Shown is a SDS-PAGE and
anaphase cells (large budded cells with two separated SPBs). N = 40 cells.
cdc14-2 SFI1-yeGFP pGal1-sic1S) were grown at 23C in YPRaf medium and
at 37C in order to promotemetaphase arrest and inactivation of cdc14-2. At
n addition, nocodazole was washed out. Half-bridge elongation in G1 in the
-yeGFP at SPBs (left). N = 50 cells per time point and strain. Error bars show
ls (middle). The level of Sic1 and Cdc14 was monitored by immunoblotting.
py of serial thin sections. Cells were checked by phase contrast microscopy
expected cell-separation defect [46]. However, during the freezing process
PB of the cdc14-2 pGal1-sic1S cell in the middle. Note that the SPB carries
enotype. Indicated are Bridge, cytoplasm (C), nucleus (N), nuclear envelope
ide SPBs in theCDC14 pGal1-sic1S cell. Scale bars of (F) represent 2 mmand
Figure 5. Sfi1 Oligomerization Is Promoted by
the Activity of Mps1 Kinase
(A) mps1-as1 SFI1-yeGFP SPC42-mCherry cells
were synchronized with a factor at 23C. Cells
were released from the block by washing, and
the Mps1-as1 inhibitor 1NM-PP1 or DMSO was
added after spindle formation, as indicated. In
addition, a factor was added again to arrest cells
in G1. Cells were analyzed for Sfi1-yeGFP signal
intensity at SPBs at the indicated time points.
(B) Examples of a factor-arrested mps1-as
cells that were incubated with DMSO or the
Mps1-as1 inhibitor 1NM-PP1. Scale bar of (B)
represents 5 mm.
(C) Quantification of the Sfi1-yeGFP signal at
SPBs of cells in (B). N = 50 cells were analyzed
per time point and strain. Error bars show
mean 6 SD.
(D) Model for the action of Cdk1, Cdc5,
Mps1, and Cdc14 on Sfi1. See Discussion for
description.
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complex associates with the cytoplasmic side of the SPB in
early S phase [35]. Thus, Cdk1-Clb4 is in the right place at the
right time to phosphorylate C-Sfi1 and to trigger SPB
separation.
The combined action of these two pathways results in the
severing of the bridge and spindle assembly [13, 31]. In addi-
tion, Sfi1 phosphorylations in mitosis by Cdk1 and, to a lesser
extent, also by Cdc5 block an additional round of Sfi1 C-to-C
interaction and SPB reduplication (Figure 5D, step 4). How-
ever, Cdk1-Clb activity seems to be the predominant force
that blocks SPB reduplication because the phosphoinhibitory
sfi1Cdc5-3A cells have no obvious defect in SPB duplication,
whereas the phosphomimetic sfi1Cdc5-3D cells only have a
defect in about 30% of the cells (Figure 3G). Dephosphoryla-
tion of Sfi1 by Cdc14 at mitotic exit then prepares the SPB
for duplication in G1 (Figure 5D, step 5).
In summary, multiple mechanisms inhibit SPB overduplica-
tion in mitosis: phosphorylation of C-Sfi1 by Cdk1-Clb and
Cdc5. In addition, Mps1 activity at SPBs is needed to promote
SPB duplication. It is unclear whether the mitotic Mps1 that
mainly functions at kinetochores is able to drive SPB duplica-
tion [55]. In any case, overexpression of yeastMPS1 in mitosis
did not trigger half-bridge extension (M.E., unpublished data).
It is therefore likely that it is mainly the residual Mps1 activity
escaping the degradation by the anaphase-promoting com-
plex at mitotic exit [56] that drives SPB duplication in G1.
Thus, failure of one mechanism as seen in sfi1Cdk1-6A orsfi1Cdk1-6D cells (Figure 2) will unlikely
lead to SPB overduplication.
In human cells, the hierarchical as-
sembly of a small number of proteins
initially drives centrosome duplication
[57]. Severing the connector that joins
centrioles by separase and polo kinase
Plk1 is the licensing step for a new
round of duplication in S phase [40,
58]. Despite these similarities, the role
of human Sfi1 at centrosomes remains
unclear [20]. It will be interesting to
determine whether its functions involve
C-to-C dimerization accompanied bythe exposure of free N termini, as is clearly the case in budding
yeast.
Experimental Procedures
Yeast Strains and Growth Conditions
Yeast strains and plasmids are listed in Table S1. Deletion and epitope
tagging of genes at their endogenous loci were constructed by PCR-based
methods [59, 60]. Point mutations of SFI1 were introduced via site-directed
mutagenesis using the QuikChange method (Stratagene). Single integration
of several SFI1 alleles into the genome of yeast cells was achieved by using
the single integration vector pRS305K [61]. For synchronization, yeast cells
were grown in YPRaf (yeast extract, peptone, and raffinose) or SDRaf
(synthetic defined and raffinose) medium and arrested in G1 by addition
of 10 mg/ml a factor until about 95% of cells showed a mating projection.
Cells were washed twice with growth medium to remove a factor. 1NM-
PP1 was purchased fromMerck Biosciences. Yeast extracts were prepared
using alkaline lyses and TCA precipitation [60].
Yeast Two-Hybrid Interactions
SFI1 fragments and CDC14were cloned into vectors pMM5 and pMM6 [50].
Yeast two-hybrid interactions were tested as described in [62].
In Vitro Kinase and In Vitro Dephosphorylation Assays
In vitro kinase reactions were performed with 5 mCi of g-32P-ATP (0.05 nM)
using the kinases Cdk1as1-Clb2-TAP, Cdk1as1-Clb5-TAP [33] or GST-
Cdc5, and GST-Cdc5KD [63], all purified from yeast. Radioactivity was de-
tected using a PhosphorImager (FLA-300; Fujifilm). For Cdc14 dephosphor-
ylation, GST-Sfi1 was first phosphorylated with purified Cdk1-Clb2-TAP.
The reaction was stopped by the addition of 20 mM EDTA. Phosphorylated
GST-Sfi1was incubatedwith recombinant Cdc14 andCdc14C283A for 45min
at 30C [64]. 1NM-PP1 (15 mM) was used as an inhibitor for cdk1-as allele.
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Cells were high pressure frozen, freeze substituted, sectioned, labeled, and
stained for electron microscopy as described in [65]. Briefly, cells were
collected onto a 0.45 mmpolycarbonate filter (Millipore) using vacuum filtra-
tion and then cryoimmobilized by high-pressure freezing using an EM
PACT2 machine (Leica Microsystems). Cells were freeze substituted using
the EM-AFS2 device (Leica Microsystems; freeze substitution solution:
0.1% glutaraldehyde, 0.2% uranyl acetate, 1% water, all dissolved in anhy-
drous acetone) and stepwise infiltrated with Lowicryl HM20 (Polysciences),
started by a low temperature of 290C. For polymerization, the samples
were exposed to UV light for 48 hr at 245C and were gradually warmed
up to 20C. Embedded cells were serially sectioned by a Reichert Ultracut
S Microtome (Leica Instruments) to a thickness of 60–70 nm. After staining
with 2% uranyl acetate and lead citrate, sections were viewed in a CM120
electron microscope (Philips Electronics) operated at 120 kV. Images
were captured with a CCD camera (Keen View, Soft Imaging systems) and
viewed with DigitalMicrograph software.Mass Spectrometry
Peptides were analyzed by LC-MS/MS (Orbitrap Elite, Thermo Fisher
Scientific) and data were processed using Thermo Proteome Discoverer
Software (version 1.4). Phosphorylation site localization was performed on
the Mascot results using PhosphoRS.Protein Purifications and Antibodies
Cdk1-Clb2-TAP, Cdk1-Clb5-TAP GST-Cdc5, and GST-Cdc5KD were puri-
fied from yeast cells [33, 66]. Tap-Cdc14 was purified from yeast cells,
with rabbit-IgG coupled to epoxy-activated Dynabeads M-270 (Invitrogen).
GST-Sfi1 and GST-Sfi1-C (wild-type and 6A mutant) were purified from
E. coli using GST-Sepharose beads. For the GST-Sfi1-C (wild-type and 6A
mutant), the GST tag was cleaved using PreScission Protease. Primary an-
tibodies usedwere anti-HA (12CA5, Sigma), anti-Cdc5, anti-Clb2, anti-Tub2,
and anti-Sic1. Antibodies were prepared in mice, rabbits, sheep, or guinea
pigs against purified recombinant proteins [50]. Secondary antibodies
were from Jackson ImmunoResearch Laboratories.Fluorescence Microscopy
Images of cells were acquired through fluorescence microscopy with a
DeltaVisionRT system (Applied Precision, Olympus IX71based). To quantify
Spc42-mCherry or Sfi1-yeGFP signal intensity at SPBs, cells were analyzed
without fixation. Pictures were processed with ImageJ 1.383 software.Supplemental Information
Supplemental Information includes three figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2014.05.032.Author Contributions
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